In this work, we present measurements of the height profile, wind velocity and sand flux performed on transverse dunes in the dune field known as "Lençóis Maranhenses", northeastern Brazil. From the measured profile, we selected one dune to measure the air shear stress and the sand flux and compared the results with the theoretical predictions from a dune model in two dimensions recently introduced. We find that the numerical results give a reasonable fit to the field data. Our measurements show that transverse dunes with approximately the same height present a variable brink position relative to the crest, as opposed to the case of barchan dunes. The model is used to simulate transverse dune fields in two dimensions from a flat sand bed with small oscillations, using a phenomenological definition for the separation streamlines at the lee side of the dune. We found that our model is able to reproduce transverse dune fields with similar inter-dune distances and dune aspect ratios as in the measured field.
Introduction
Dune morphology has been investigated over the last fifty years by scientists of different research areas like geologists, geographers, physicists and even mathematicians, since the pioneering work of Bagnold in 1941 [1] . Although a theoretical explanation for the wide variety of observed dune forms is still lacking, it is well known that the behavior of the wind as well as the sand availability are fundamental parameters for determining the final dune shape. Crescent dunes appear under uni-directional winds. On bedrocks and surfaces with not too much sand, barchan dunes move separated from each other, without changing their shape and with a velocity inversely proportional to their height. These dunes have a windward side and a steep slip face where avalanches take place maintaining dune stability and motion. For larger sand supply, lateral spacing between barchans decreases, and these may join at their horns forming sequences of oscillating chains aligned perpendicularly to the wind direction. Regions covered with such "barchanoids" are often called sand seas, since these dunes look like waves. As the amount of available sand increases, barchan horns in the chain begin to disappear, giving rise to almost continuous lines called transverse dunes. These dunes cover 40% of all terrestrial sand seas, being common in the Northern Hemisphere, particularly in China, and dominating the dune fields on Mars. Normally transverse dunes have more irregular patterns and even hierarchies of smaller dunes can be found on them. Transverse dunes have been studied in the field many times [2] [3] [4] [5] [6] [7] , but still most of these works restrict to desert dunes.
Dunes are typical along coasts [8] [9] [10] . The sand that constitutes these dunes comes from the sea through tide waves, being thereafter deposited on the beach. Once the grains are exposed to the air, they dry and some of them can be carried by the wind, initiating sand transport. Coastal dune development is a result of the complex interplay of several factors like the type of sediments, the nature of sand influx, and the presence of vegetation. Tide magnitude plays a central role on sand supply and coastal dune formation, being stronger in general during the summer. Other important aspects are the topography of the area, the wave climates, and on a larger scale, the sea level [11] . With heights that can vary between a few meters to over 30m, dunes represent not only touristic attraction in coastal zones, but they also work as barriers against waves and strong winds, protect coastal communities and are important for isolating water tables from the sea water. Understanding the morphology and dynamics of coastal dunes is thus of interest also for federal, state, and local government units responsible for the protection and management of coastal dune areas.
For strong unidirectional winds blowing from the sea into the continents, transverse dunes appear along the coasts, moving landward in the direction of the wind. Transverse dunes extending over several kilometers form the characteristic pattern of the biggest coastal dune field in Brazil, known as "Lençóis Maranhenses". In this work, we present field measurements performed on a sequence of transverse dunes situated at the beginning of the Lençóis Maranhenses. The height profile of seven transverse dunes was measured, from which one dune was selected for measuring wind velocity and sand transport at dif-ferent points on its windward side. We then use a two dimensional model recently introduced [12] to calculate numerically the sand flux and the shear stress from the measured profile, and compare the results with the field data.
Our measurements indicate that transverse dunes present an important difference from barchan dunes: The distance between the brink and the crest of a transverse dune is not determined by the dune height, as opposed to the case of the barchans, where the brink gets closer to the crest for higher dunes [13] . The height profile of the measured transverse dunes at the crest is found to be essentially parabolic in shape, independent of the position of the brink. We found that the values of the inter-dune distances in the measured field are between 1.5 and 4 times the dune height at the brink, H brink , which is in agreement with the data reported in many recent works on transverse dune fields [14] [15] [16] . Moreover, the distances between the dunes, which are intrinsically related to the length of the separation streamlines at the lee side, are found to depend strongly on the brink position relative to the crest of these dunes. We make use of these observations to modify the separation bubble defined in ref. [12] in order to allow for shorter distances between dunes. We then select the appropriate values of the wind shear velocity u * 0 and its threshold value u * t to simulate dunes with inclinations at the windward side similar to those found for the measured ones.
Area of investigation
The National Park of the Lençóis Maranhenses, also known as the "Brazilian Sahara", is located on the coastal area of the Maranhão State, in northeastern Brazil ( Figs. 1 and 2) , delimited by the coordinates S 02
• 19 ′ and 02
• 45 ′ , and W 42
• 44 ′ and 43
It has a total area of 155 thousand hectares, and a coast of a length of 50km, along which strong winds, reaching velocities of 70 km/h, transport sand from the Atlantic Ocean into the continent. The area of the "Lençóis" (lençóis = sheets in Portuguese) is mainly characterized by the presence of barchanoids and transverse sand dunes separated in the rainy season by lakes and lagoons (Fig. 3) . It has a semi-humid tropical climate, with little vegetation and a high concentration of minerals. The local temperatures vary typically between 30
• C and 38
• C, with annual rain indices between 1500 mm and 2000 mm, which are rather different from the mean rainfall in desertic areas, in general less than 250 mm. The rainfall distribution, however, is very concentrated, as we can see in Fig. 4 . In the first months of the year, high rain indices make sand transport difficult, thus implying low dune mobility. A large fraction of the inter-dune lakes formed in this period disappears in the dry season. The dune field has a continuously changing landscape, since dune motion implies that the lakes often reappear in different places having different contours. The lowest rain indices in the studied area refer to the period between august and november. We made the field work from 23 to 29 of september, i.e. in the middle of the dry season.
The transverse dune field studied is shown in Fig. 5 . It is situated in the vicinity of Atins/MA, just 1km apart from the sea. These dunes have a height of typically 10m and appear closely spaced on a dense sand sheet in the beginning of the Lençóis Maranhenses. Near to the transverse field, several "mini"-barchans and barchanoids can be found, with heights ∼ 1m. These smaller dunes emerge on a flat surface covered with less sand, extending from the sea board up to the transverse dune field. The dune size difference between the two neighbouring dune groups is clearly visible in Fig. 5 . The dune field studied here represents the genesis of the Lençóis, where the characteristic transverse profile originates. The dark areas in Fig. 5 correspond to low vegetation, called "mangues". The coastal zone near Atins/MA is also characterized by a high concentration of plants fixed on parabolic dunes of different sizes. Vegetation appears due to humidity from the ocean and inter-dune lakes, and grows during the wet seasons, being also common on some parts of transverse dunes.
Shear velocity and sand flux
In recent years sand flux has been measured many times in wind tunnels [17] [18] [19] [20] and on real barchan dunes [21, 22] , and several field measurements on airflow and sediment transport over transverse dunes have been performed [2] [3] [4] [5] [6] [7] . In order to determine the sand flux the shear stress at the surface has to be known. For a fully turbulent atmospheric boundary layer developing over a flat surface, a logarithmic velocity profile v(z) arises, where z 0 is the roughness length of the surface, κ = 0.4 the von Kármán constant, and u * is the shear velocity, which is defined in terms of the shear stress
and the density ρ air of the air. The undisturbed logarithmic profile (1) is not valid anymore close to the surface of a hill. Hunt, Leibovich and Richards (1988) [23] calculated the flow over hills with low slopes, dividing it into different layers, and analysing the flow separately for each one of them. The shear stress close to the surface determines the sand transport. It corresponds to the solution of the shear stress layer, whose height ranges from √ lz 0 to l, where l can be obtained implicitly through
According to the definition of Hunt et. al., the characteristic length L for a crescent dune is defined as the length measured from the half height of the windward side to the crest. Within the shear stress layer, velocity profiles can also be very complex as measured by Wiggs et. al. [21] on barchan dunes, so that the validity of our approach is not completely settled. The saturated sand flux q can be determined from the shear velocity, by making use of well-established phenomenological relations, as for instance the sand flux relations proposed by Lettau and Lettau (1978) [25] :
or Sørensen (1991) [26] :
where the parameters C L = 4.1 and C S = 0.48 have been obtained by fitting these relations to wind tunnel data by White and Mounla (1991) [18] , g denotes the gravitational acceleration and u * t = 0.28 m s −1 is the threshold for sand transport, below which the flux is zero. Eqs. (4) and (5), which have been applied by many scientists to estimate sand flux on barchan dunes under saturated conditions, can only give a reasonable prediction on the windward side, far away from the dune's foot, since in this region the assumption of saturation cannot be employed [27, 28, 22] . A continuum saltation model that can predict the sand flux on the entire windward side, allowing for a nonsaturated sand flux, and thus for saturation transients, was recently derived by Sauermann et. al. [22] :
where q s (u * ) is the saturated sand flux and l s (u * ) is the saturation length characterizing the dynamics of the saltation layer, i.e. a characteristic length for the saturation transients which depends on the shear velocity but converges towards a constant value for u * ≫ u * t . Eq. (6) has been applied to calculate the sand flux over a huge barchan dune in Jericoacoara, northeastern Brazil [24] . In the next section, we present the shear velocity and sand flux recorded on a transverse dune selected from the Lençóis Maranhenses, and compare our field data with the theoretical predictions above.
Measurements
We used a tachimeter to measure the height variations at 77 different points along the surface of the dunes, which define a profile with a length of almost 720m, as shown in Figure 6 . To interpolate the entire profile of the transverse dune field, we used the relative distances and height differences between the measured points and a fixed angle θ c = 34
• for the slip face for each dune. Dune Table 1 For each dune in the profile of fig. 6 we identify in columns 2, 3, 4, 5 and 6, respectively: The dune height at the crest, H crest , the height at the brink, H brink , the crest-brink distance d c , the windward side length L 0 and the aspect ratio r. The seventh column shows the crest-to-crest distance D cc (i, i + 1) between the i−th and (i + 1)−th dunes.
The reference height h = 0 is set at the foot of the slip face of dune 3, whereas x = 0 corresponds to the brink of dune 1. Our measurements have error bars of 0.1m for the height coordinate and 1m for the horizontal axis. The measured transverse dunes have heights of typically 7−10m and a crest-to-crest distance D cc of 90 − 130m, as shown in table 1. The sixth column of this table shows the aspect ratio r of these dunes, which is obtained by dividing their heights at the crest, H crest , by the corresponding values of the length of the windward side, L 0 , and we find that r = 0.08 ± 0.02 is consistent for all dunes.
It is very astonishing that although the dunes have more or less the same height, the position of the brink with respect to the crest, d c , varies strongly. This is in strong contrast with the situation of single Barchans [13] . The upper inset of fig. 7 shows the inclination θ w of the windward side (circles) together with the aspect ratio r of the dunes (triangles). Here θ w is defined through the relation tan the difference between the heights at the crest and at the brink is essentially quadratic in d c . Moreover, fig. 8 shows that the transverse dunes measured present a nearly parabolic shape at their crest. The empty circles in the inset represent the height profile measured at the crest for all dunes together, while the continuous line corresponds to the curve y = −k 1 x 2 , with k 1 = 0.0025.
For dune 3, we performed correlated measurements of the wind velocity v and the sand flux q on different points along its windward side, as shown in Fig.  9 . This dune has a height H = 8.8 m measured from the foot of its slip face up to the crest, and the length of its windward side is approximately 100m. We placed an anemometer at a height of 1m, which is well inside the shear stress layer [24] . The anemometer recorded the wind velocity v i,∆t averaged over time intervals of ∆t =10 min, where the index i is related to the points A, B and C in Fig. 9 .
An average wind velocity of v C = 7.5 ± 1.2m/s was registered for the point "C", at the brink of the dune. Then, we moved the anemometer to point "B",
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x (m) in the middle of the windward side, and the average wind velocity registered there was v B = 5.4 ± 0.5m/s. A second anemometer, placed at one point outside of the dune field, registered an average wind velocity of v r = 5.3±0.7 m/s. We then normalized the average velocity v i by the average velocity obtained from the reference anemometer, v r , so that the shear velocity u * ,i over the dune profile can be calculated as [24] :
whereû * ,i is the dimensionless shear velocity perturbation of the air caused by the dune and u * 0 is the undisturbed shear velocity at the reference point outside of the field. u * 0 can be calculated from the typical logarithmic profile for turbulent flow Eq. (1). Taking a roughness length z 0 = 2.5 × 10 −3 m, we obtain from Eq. a cylinder of 1m height and 4.8cm diameter, and has an open vertical slot of 1cm width. The traps were turned with their slit facing the wind and their bottom buried in the sand (see Fig. 10 ). The back of the traps has an opening of 2 cm width covered by a permeable fabric with pores smaller than the grain diameter. Initially, the traps were placed with their back showing in the wind direction. Then, they were simultaneously turned to align their openings with the wind direction and sand was collected. From the mass m of the collected sand, the width w of the opening and the time T necessary to fill the traps, we calculated the sand flux q = m/(T w), for which we use m = πr 2 h c × ρ quartz , with r = 2.4 cm and ρ quartz = 2650 kg/m 3 . For each point i we used two traps which captured grains travelling up to a height h c ≈ 17 cm and another one at a height of 1.5 cm above the ground. The mean values q i,j obtained from these traps are, for points "C" and "B" respectively, q C = 0.023 ± 0.005 kg/m·s and q B = 0.009 ± 0.001 kg/m·s, where the error bars are defined by the maximum and mininum values registered for q at each point, as in the case of the measurements of the wind velocity. We could not reliably measure the shear stress and the flux q A at point A of dune 3 due to the large fluctuations of the wind velocity and of the sand transport.
In the next section, we use a numerical model to calculate in two dimensions the shear velocity of the wind and the sand flux over the measured height profile of dune 3 and compare the model predictions with the field data presented in fig 9.
A two dimensional model for transverse dunes
A two dimensional model including the main processes of dune morphology was recently introduced [29] and extended to study transverse dunes in a field [12] . From this model, the air shear stress τ and the saltation flux q at the ground are numerically calculated in each iteration, as well as the flux due to avalanches at the slip face of the dunes. The shear stress perturbation is calculated in the two dimensional Fourier space using the algorithm of Weng et. al. [28] for the components τ x and τ y :
andτ
where the axis x (y) points parallel (perpendicular) to the wind direction, k x and k y are wave numbers, |k| = k 2 x + k 2 y , γ = 0.577216 (Euler's constant), z 0 is the roughness coefficient of the ground and L the characteristic length as defined in Sec. 3. U(l) = v(l)/v(z m ) is the undisturbed logarithmic profile (1) calculated at height l (equation (3)), normalized by the velocity at a reference height z m , which separates the middle and upper flow layers defined in the model by Hunt et. al. [23] . It has been verified from simulations that an open system of transverse dunes seems to reach lateral invariance under unidirectional wind [12] . This assumption yields to important advantages in transverse dune field calculations. Thus, for modelling transverse dune fields, we neglect the y-coordinate, and consider height profile variations in the x direction only, since much less computational time is consumed in this case, and larger dune fields can be simulated. In this way, we use the shear stress perturbation evaluated for a slice of a transverse dune translationally invariant in the y direction [29] :
where h ′ = dh/dx is the height derivative in x direction, and the constants f 1 (z 0 /L) and f 2 (z 0 /L) depend logarithmically on the ratio z 0 /L. The shear stress is then given by:
where τ 0 is the undisturbed air shear stress over a flat ground. The sand flux q is calculated as
where ρ and u are respectively the mean density and the mean velocity of the saltating grains, and are both integrated in vertical direction. The saturated density at the steady state, ρ s , and the characteristic time T s that defines the transients of the flux are given by:
The steady state is assumed to be reached instantaneously, since it corresponds to a time scale several orders of magnitude smaller than the time scale of the surface evolution. Thus, time dependent terms are neglected, which leads to the following equation:
where v eff is the velocity of the grains in the saturated state,
and
We use the same values for the constants and model parameters as in ref. [12] :
For the avalanches at the slip face, the BCRE model [30] is used to calculate the new surface after the relaxation by sand transport downwind:
where h is the height of the non-moving sand bed, R is the height of the moving layer, C a is a model parameter and u a is the velocity of the grains in the moving layer.
The evolution of the dune surface is determined by erosion and deposition of sand, and its profile can be obtained from the mass conservation equation:
where the sand density, ρ, and the sand flux per time unit and area, Φ, are integrated over the vertical coordinate assuming that the dune has a constant density of ρ sand :
leading to
Equation (21) determines the characteristic time scale of the model, typically 3 − 5 hours for every iteration.
For a dune with slip face, flow separation occurs at the brink, which represents a discontinuity of the surface. For each slice of the dune, the flow is divided into two parts by a streamline connecting the brink with the ground at the reattachment point. These streamlines define the separation bubble, inside which eddies occur and the flow is re-circulating, whereas the averaged flow outside is laminar. Thus, in the area of the separation bubble we set the shear stress equal to zero, and no sand transport occurs. The length of the separation bubble is thus of major importance for inter-dune spacing.
If we measure the horizontal distance between the brink of dune i and the point at which the windward side of dune i + 1 begins, i.e. x i+1 − x brink,i for the dunes in the measured field, we find that this quantity is between 1.5 and 4 times the height of dune i at its brink, H brink,i (see inset of fig. 11 ). This is in agreement with the behavior observed by many authors on closely spaced transverse dunes [14] [15] [16] . However, as we can see from fig. 6 , interdune spacing also depends strongly on the position of the brink relative to the crest. Fig. 11 suggests that the length of the separation bubble at the lee side of the measured transverse dunes decreases approximately linearly with the distance between the brink and the crest of these dunes. Here, we plot the distances between the dunes, ∆ i,i+1 , measured from the foot of the slip face of dune i up to the beginning of the windward side of dune i + 1, as a function of the distance between the brink of dune i and the maximum of the parabola in fig. 8 . In other words, we see that dunes that have the position of the brink at the left (right) of the maximum of the parabola are associated with a proportionally larger (shorter) interdune spacing.
This leads to the conclusion that simply considering the length of the streamlines as proportional to the height at the brink is not reasonable to model transverse dunes. The behavior shown in fig. 11 suggests that, if the horizontal distance between brink and crest is described by a parabola of the form
brink−crest , then in a first approximation, we could define the distance from the crest to the reattachment point to follow also a quadradic relation
2 . We then use this relation to determine the point of reattachment x reat of the separation bubble.
In our previous work, the streamlines of the separation bubble were fitted by a third order polynomial, f (x) = a 3 x 3 + a 2 x 2 + a 1 x + a 0 , whose parameters were calculated from the continuity conditions of the profile h(x) at the brink of the dune and at the reattachment point, as well as of dh/dx at the brink. Moreover, the third order polynomial was calculated in such a manner that the separation bubble doesn't descend steeper than 14
• [12] . This leads to large values of the horizontal distance from the brink up to the reattachment point, x reat − x brink being typically between 6 and 10 times the dune height. Using higher order polynomials to take into account the relation observed in fig. 11 , on the other hand, makes the streamlines descend too fast close to the brink at the lee side, making the curvature of the separation bubble different from that of the dune surface at the brink, thus giving rise to inconsistencies in the calculation of the shear stress with eq. (10) for smooth hills [28] , and consequently of the sand flux. Therefore, to make use of the model equations for studying the measured transverse dunes we define a modified separation bubble as s(x) = f (x) for
, for x cut ≤ x < x reat , where x cut = x brink + ζ(x reat − x brink ), R = (x cut + x reat )/2 and ζ is a parameter between 0 and 1, which determines the point at which the original polynomial is multiplied by the function tanh. The value of λ c determines the slope of the streamlines at point R, and x reat is determined from the quadratic relation mentioned above, following that x reat = H crest /k 2 + x crest . In order to give an insight into the meaning of the parameter k 2 , we notice that for a dune with height 7m at its crest, a value of k 2 = 0.02 gives x reat −x crest = 18m, while k 2 = 0.01 leads to x reat −x crest = 26m.
We now apply the model equations to calculate the shear stress and the sand flux from the measured profile of dune 3 shown in fig. 9 . First, we fit the 15 measured points on the windward side to a third order polynomial, thus avoiding large discontinuities in the calculation of the shear stress perturbation (eq. (10)), since it depends on the slope of the dune surface. Then, the shear stress over the windward side is calculated from eq. (11), and the shear velocity can be determined by: Figure 9 shows the prediction for u * /u * 0 (dotted line) obtained with eq. (22) using u * 0 = 0.36m/s, z 0 = 0.0025m and a characteristic length L = 40m, that is approximately half the length of the windward side of dune 3. The parameter k 2 of the separation bubble was set to 0.014, which gives a distance of 25m from the crest of dune 3 up to the reattachment point at its lee side, and λ c and ζ are set to 0.1 and 0.9 respectively. The sand flux q = ρu is then calculated from eq. (12) and the result presented through the dashed line in fig.  9 , which shows 1.0 × 10 2 · q. It is remarkable that in spite of the small number of points measured and of the large fluctuations of the wind during the day, the theoretical predictions for the shear stress and sand flux give a reasonable description of our field data. In the next section, we present simulations of transverse dune fields in two dimensions and compare the results with the measured profile in fig. 6 .
Simulations of transverse dune fields in two dimensions
The numerical model described above has been used in ref. [12] to study transverse dune formation on a sand bed completely filled with sand. For periodic boundary conditions, we choose at t = 0 a sand bed of depth 10m randomly disturbed by small Gaussian hills. We use the separation bubble defined in the last section, which is able to give shorter distances between dunes than in the case of reference [12] . Figure 12 (a) shows part of a typical transverse dune field of 2km length obtained with our two-dimensional model. The model parameters are those defined in Section 5, and we choose for k 2 the same value 0.014 as used for the separation bubble of the measured dune 3 in fig. 9 . The values of the shear velocity u * 0 and its threshold value u * t are respectively 0.44m/s and 0.32m/s. For comparison, we show in (b) the measured profile. The mean slope of the windward side in (a) is between 0.065 and 0.09, which are values close to the windward side inclination found in the measured field (0.08 − 0.12). Furthermore, we see in fig. 12 that the distance between crest and brink for the simulated transverse dunes of similar heights varies strongly as in the case of the measured dunes. This striking observation appears to be a consequence of the interaction between transverse dunes in a field. Barchans behave more like isolated dunes and exchange less sand than a field of closely spaced transverse dunes. Simulations in ref. [12] have shown that the brink position of transverse dunes is in general closer to the crest if the dune is behind (upwind) another one. In order to investigate dune interaction in more detail, transverse dunes have to be still systematically studied as done recently for barchan dunes [32, 33] .
Another aspect that has to be noticed is that the inter-dune distances observed in the simulated fields using the modified separation bubble in Section 5 are smaller than the horizontal gaps between dunes simulated in ref. [12] due to the modified separation bubble. Further work is necessary to study the wind behavior at the lee side of a transverse dune, leading to re-circulating flow which could be relevant for the dune profile.
Conclusions
We have performed field measurements of the height profile, the wind velocity and the sand flux on transverse dunes in the Lençóis Maranhenses, northeastern Brazil, and compared the results with the predictions of a two-dimensional dune model recently introduced. We adapted the model separation bubble at the lee side of the dune in order to match the observation that the inter-dune spacing in the measured field is below 4 times the dune height at the brink, a feature commonly observed in many transverse dune fields. The values of u * 0 = 0.36m/s and z 0 = 0.0025m that give a best fit to the field data for transverse dune 3 are the same as those recently found to describe the sand flux and shear velocity on a barchan dune in Jericoacoara [24] , in the State of Ceará, northeastern Brazil, just 300 km apart from the Lençóis Maranhenses.
We found that the shape of transverse dunes varies with their height in a different way than in the case of barchan dunes. While larger barchans present their crest closer to their brink than smaller ones, the crest-brink distance was found to be independent of the height for transverse dunes. Moreover, we found that the parabolic shape at the crest of transverse dunes is independent on the relative position of the brink. Based on the relation observed for the interdune distances as a function of the brink position, we defined the separation streamlines at the dune lee side to simulate transverse dune fields similar to the measured one. We found that in this case the simulated dunes have on average the same aspect ratio as the measured ones.
Finally, we note that we measured a small field in the beginning of a growing structure of transverse dunes which characterizes the pattern of the Lençóis Maranhenses, as illustrated in fig. 2 . The observed dune patterns are closely related to the geological history of the area, as conditions of sand supply, wind behavior and characteristics of the soil over thousands of years. One aspect our model did not take into account is the proximity of the water line to the surface due to the rainfalls in this region an the eventual role of water accumulations or vegetation. Comparison of our field data with further field measurements on transverse dunes in the Lençóis Maranhenses as well as in other areas with different climate and geological conditions could be thus of importance for better understanding formation and evolution of transverse dune fields.
